All-optical time-domain Optical Fourier Transformation utilised for signal processing of ultra-high-speed OTDM signals and OFDM signals will be presented.
INTRODUCTION
Optical Signal Processing (OPS) constitutes an interesting supplement to Digital Signal Processing (DSP) as the operation of speed employing OPS in e.g. optical fibres is limited by the Kerr effect, which has a response time in the order of fs [1] , far beyond the speed of electronics. Thus, OPS offers the possibility of controlling optical signals with symbol rates beyond conventional symbol rates. Additionally, it has been argued that OPS may offer energy efficient processing features [2] . It could be envisioned that the two processing domains should coexist simultaneously hereby supplementing each other. One very promising OPS technique relies on Optical Fourier Transformation (OFT). The principle of the OFT scheme is based on the interplay between linear chirp and quadratic phase modulation of the incoming signal. Linear chirp can be applied to the incoming signal by transmission through a dispersive element such as a fibre, whereas quadratic phase modulation can be imposed on the signal by using either a sinusoidal driven phase modulator [3] or a parametric process such as Four Wave Mixing (FWM) [4] . OFT has been investigated by many research groups worldwide and some key references on theory and applications can be found in [5] [6] [7] [8] and references therein. In this paper, recent work on OPS on ultrahigh-speed Optical Time Division Multiplexing (OTDM) and Orthogonal Frequency Division Multiplexing (OFDM) signals will be presented.
OFT Used for Temporal Serial to Parallel Frequency Transformation
The concept of time lens using OFT was a welcomed tool for process ultra-high-speed OTDM signals as it was speculated if the time-lens scheme could be used to ease extraction of each individual OTDM channels by replacing the envisioned bank of parallel switches needed to extract each individual time channel with one or two OFT modules. An important feature of the OFT is as the name implies, the relation between the spectral and temporal properties of the input and the output signal. By carefully designing the applied dispersion and the quadratic chirp, the output temporal signal is proportional to the signal at the input to the OFT. This should enable the temporal serial to parallel frequency conversion of the OTDM signal, and hereby replace the active switch used for demultiplexing with passive filtering. This was successfully demonstrated in e.g. [9] where 43 of 64 channels of a 640 Gbit/s signal is mapped in a WDM grid with 25 GHz spacing and detected error-free.
OFT Used for Parallel Frequency to Temporal Serial Time Transformation
Just as OTDM channels can be transformed into individual WDM channels, the reverse process of transforming Wavelength Division Multiplexed (WDM) channels into a high-speed signal at one wavelength is feasible. One of the arguments for investigating this scheme is the possibility of converting many low data rate parallel channels to fewer serial high data rate channels hereby potentially simplify network management, e.g. as an interface between lower speed access networks and core networks operating at high line rates. A WDM-OTDM converter performs the parallel-to-serial conversion of dense wavelength division multiplexed (DWDM) low bit rate data channels into a single-wavelength optical time-division multiplexed (OTDM) data channel at the aggregate bit rate. This is demonstrated in [10] where error-free conversion of a 16×10 Gbit/s 50 GHz-spacing DWDM data signal to a 160 Gbit/s OTDM signal is reported.
OFT Used for All-Optical OFDM Generation
In the ever going pursuit for more data capacity, the scheme of OFDM utilised for optical communications is getting a lot of attraction within research society as if offers high spectral efficiency by combining very narrow channel spacing with multi-level coherent modulation formats, see e.g. [11] . OFDM can be implemented AllOptical (AO) using different approaches -in [12] different techniques are listed together with a presentation of AO-OFDM scheme using OFT. The reported principle can be schematically represented as shown in Fig. 1 .
In the proof-of-concept demonstration in [12] , an OTDM signal is generated using the 1.7 Full Width Half Maximum (FWHM) pulses from a Mode-Locked Laser (MLL) as the seed for a 16 channel OTDM transmitter with an aggregated bit rate of 160 Gbit/s with a guard band of 44 ps between each 160 Gbit/s group. The high-speed serial signal is transformed to a parallel WDM signal by applying a careful balanced combination of dispersion and phase modulation to the signal in the OFT module [3] [4] . The temporal pulses of the parallelised signal are subsequently imposed a rectangular shape, which in return generates a 16 channel sinc-shaped OFDM signal with 12.5 GHz spacing. The two steps, i.e. serial to parallel conversion followed by temporal square shaping can in the actual physical implementation be done in one step as seen in Fig. 2 . [12] .
In the actual implementation the MLL is used to generate super-continuum (SC) in a Dispersion-Flattened HighLinear Fibre (DL-HNLF). Two carriers at different wavelengths are carved out of the SC spectrum using Optical Bandpass Filters (OBF), one used as the seed for the aforementioned OTDM signal generation and the other for the pump pulse used for phase modulating the signal in the OFT module. Both signal and pump encounters a wavelength selective switch (WSS) which shapes the spectral properties of the two signals so they both are chirped and temporal square-like after the dispersive elements following the WSS device. The FWM process in the HNLF finalise the OFT and at the output of the fibre, the idler represents the OFDM signal and can be filtered out using an OBF. The full spectrum including the pump, the OTDM signal and the idler is shown in Fig. 3 together with a more detailed spectral measurement of the OFDM signal. [12] .
The OFDM signal was successfully transmitted over 25 km of Super Large Area (SLA) Single Mode Fibre (SMF) followed by 25 km of Inverse Dispersion Fibre (IDF). In the receiver the OFDM signal is converted to Nyquist-OTDM signal (N-OTDM), which will be elaborated upon in Section 7.
OFT Used in OFDM Receiver by Spectral Magnification
When receiving an OFDM signal, filtering is not an option due to the close spacing offered by the OFDM modulation format. Thus in principle the detection of the signal requires optical discrete Fourier Transformation (O-DFT), which may be implemented using delay-interferometers [13] . To ensure reliable detection, the DFT requires phase-stabilisation of the delay-interferometers followed by sampling gate for each subcarrier to supress the inter-carrier-interference (ICI). The complexity and power consumption will scale with the number of subcarriers and alternatives for the O-DFT OFDM receiver which could circumvent these drawbacks would be of great importance. In [14] it is suggested to utilise time-lens structures to increase the channel spacing, i.e. magnify the spectrum, thus enabling standard WDM passive filtering. This requires two time-lenses combined as a telescope configuration, as outlined in Fig. 4 left. After magnification the signal was detected using WDM filters e.g. an Arrayed Waveguide Grating (AWG) as sketched in Fig. 4 right.
Figure 4. Utilisation of two time-lenses to magnify OFDM channel spacing (left); Detection of magnified OFDM
signal using passive WDM filtering (right) [14] .
The magnification followed by WDM filtering was evaluated. In Fig. 5 left the original OFDM signal consisting of ten 10 Gbit/s DPSK modulated subcarriers spaced with 12.5 GHz and the magnified spectrum after 4 times magnification are shown. The sensitivity (BER = 1×10 -9 ) before and after magnification is shown in Fig. 5 topright, illustrating how the sensitivity is improved for all subcarriers expect for the outermost carriers, which is ascribed to spectral distortion introduced by the time-lenses. The corresponding BER curves for the magnified signals are shown in Fig. 5 bottom-right, showing error-free operation for all subcarriers, thus emphasising the feasibility of the scheme to ease the detection of AO-OFDM signals using magnification based on time-lenses. 
OFT Used for Nyquist-OTDM Signal Generation
WDM OFDM relies on the relation between square shaped temporal shape and sinc-shape in the frequency domain, with zero-crossings in the frequency domain at the centre of the neighbouring subcarriers, thus ideally generating no cross-talk when demultiplexing the OFDM channels. The square-sinc relation also holds true when having a rectangular spectrum and corresponding sinc-shaped temporal pulses. OTDM is a scheme which can be used to generate ultra-high-speed data signals on a single carrier with bit rates well beyond the electrical bandwidth [15] . Because the signal is based on temporal narrow pulses, the corresponding spectrum is very broad, preventing a high spectral efficiency. This can be overcome by generating an OTDM signal followed by shaping the spectrum with a square form corresponding to the symbol rate, which in return transforms the temporal pulse shape from e.g. Gaussian shape to sinc-shaped, forming a so-called Nyquist-OTDM signal [16] . In [17] an aggregated signal of 128 × 10 Gbit/s DPSK is spectrally modified generating a spectrally narrow square-shaped 1.28 Tbit/s signal, see Fig. 6 . The signal was furthermore Polarisation Multiplexed thus doubling the total bit rate to 2.56 Tbit/s before transmitting over 100 km of fibre. [17] .
Detection of N-OTDM Signals
An N-OTDM signal is characterised by zero-crossing in the centre of the temporal neighbouring channels, which minimize the cross-talk often associated with ultra-high-speed OTDM signals [17] . By introducing narrow temporal sampling in the centre of the target N-OTDM channel, the cross-talk should be very low, i.e. ideally zero. Narrow sampling can be imposed on the N-OTDM signal by demultiplexing the signal using e.g. a Nonlinear Optical Loop Mirror. In [12] it is shown how the OFDM signal generated as outlined in Section 4, is transformed to an N-OTDM signal using an OFT module in the receiver. The signal is subsequently sampled using a NOLM, thus effectively demultiplexing the temporal channels down to the base rate of the N-OTDM signal, i.e. 10 Gbit/s before thorough BER evaluation. In Fig. 7 , the principle is shown together with the N-OTDM signal, a single Nyquist tributary pulse and finally the BER after 100 km of transmission, showing error-free operation.
• [12] .
N-OTDM signals can however also be detected using the WDM approach elaborated upon in Section 5, by including an OFT module in the receiver, transforming the serial N-OTDM signal to an parallel OFDM like signal, albeit with a lager channel spacing between the subcarriers, hereby enabling passive filtering of the signal before detection of each subcarrier. In [17] mentioned in Section 6, the 1.28 Tbit/s signal is time to frequency converted and detected with good performance.
Conclusion and Summary
In this paper a review of OFT applied to OTDM and OFDM signals is presented, emphasizing the versatility of the OFT scheme for Optical Signal Processing.
